For gas cogeneration system, there are problems to be solved. There is great heat transfer temperature difference in the heatexchange progress. It can cause huge irreversible loss of heat transfer. More seriously, exhaust temperature of flue gas is generally more than 90℃. The part of the heat is equal to the 40 percent of heating load. The return water conventionally has a high temperature, so the flue gas waste heat is difficult to recover. Based on the situation, this paper introduced the technique of flue gas waste heat recovery in gas cogeneration based on absorption heat-exchange. Absorption heat-exchange units are set up in thermal station to lower temperature of water in heat network to about 20℃. The return water is heated orderly by gas-water heat exchanger, absorption heat pump and the peak load heater. Compared with the traditional systems, this system runs with a greater circuit temperature drop so that the delivery capacity of the heat network increases dramatically. The heating capacity and the energy efficiency of the cogeneration plant is increased by the exhausted heat recovery from the flue gas. Finally, this paper has analyzed the advantages on energy-saving benefit, environmental benefit and economic benefit by one example that a gas cogeneration plant is reformed using the technology.
Introduction
Heating energy consumption of the northern towns accounts for about 40% of the urban building energy consumption in China [1] . Compared with other ways, the cogeneration has the advantages of saving energy and reducing emission. So it's an effective way of district heat supply. In recent years, environmental emissions of important cities have been given a great attention. Taking Beijing as an example, the gas cogeneration systems have been developed rapidly as the central heating source in heating season.
The exhaust gas generated from the burning natural gas contains large amounts of water vapor. The latent heat of vapor accounts for 10%-11% of the natural-gas lower calorific value. Thus the effective utilization of the latent heat has important significance to saving energy and improving the economics.
For gas cogeneration, the coefficient of excess air is more than the boilers, so the waste heat of exhaust gas is greater. Recovering the waste heat as more as possible has great significance to energy conservation, environmental protection and raising economic benefits [2] .
In recent years, numerous researchers have conducted researches on waste-heat recovery of flue-gas from gas boiler or coal-fired boiler.
Zhao et al. [3] designed a type of system for coal-fired boiler, which can reduce exhaust flue gas temperature to 60-70℃ and recycle waste heat in the flue gas to heat the return water. It utilized plate heat exchangers and absorption heat pump systems to heat return water, which helps improve the heating efficiency. Yang et al. [4] designed low-temperature gas waste heat recovery system by heat pipe technology and did economic analysis. Li et al. designed associated heating system of solar energy and boiler afterheat [5] . Hu et al. found that low pressure economizer was able to reduce exhaust flue-gas temperature and coal consumption [6] .
For gas boiler, some developed countries have studied and produced condensing boilers to utilize the waste heat in flue gas. The domestic and foreign research institutes have also studied this boilers [7] [8] [9] [10] [11] . Seungro Lee et al. [12] used the optimal designed heat exchangers for improving the heating efficiency about 10%. Che et al. [13] [14] [15] put forward that the most economical exit flue gas temperature is 40-55℃, studied the law of heat transfer with water vapor condensation both theoretically and experimentally when wet flue gas passes downwards through a bank of horizontal tubes and obtained the normalized formula for convention-condensation heat transfer coefficient based on the experimental data. Pan et al. [16] installed a flue gas condensing waste-heat exchanger in gas-fired vacuum hot water boiler and the boiler thermal efficiency could be increased by 6.6% and the emissions of CO2 could be decreased by 0.34 m3/h. Li et al. [17] [18] [19] [20] [21] researched on the flue gas heat exchanging characteristics in natural gas fired boilers and demonstrated the feasibility and the economic characteristic of reclaiming residual heat of flue gas of a condensation boiler burning gas.
In contrast, there are much fewer technologies to recover the flue-gas waste heat deeply in gas-fired plant. T. Srinivas et al. [22] used lithium bromide/water vapour absorption refrigeration system for cooling the inlet air to enhance the performance of GT-ST power plant. In this work, the lithium bromide-water (LiBr/H2O) absorption refrigeration system has been powered by waste heat from heat recovery steam generator (HRSG). However, the exhaust temperature would be still high restricted to the temperature of generator. So the effect of energy saving is not obvious. Chen et al. [23] established a simulation heating system utilizing exhaust smoke heat of plants and studied the energy saving and emission reduction potential of flue gas condensing heat recovery. The energy saving rate is researched with the inlet water temperature of the gas condensing heat recovery unit. Nevertheless, how to make the low-temperature water has not been studied.
In summary, lots of scholars have researched the recovery of flue-gas waste heat and reached large amounts of valuable conclusions. However, the high temperature of return water has actually constrainted the recovery of fluegas waste heat. Thus the temperature of exhaust is still high. To the flue gas from gas boiler and the gas-fired plant, a large amount of latent heat of vaporization will be released while the flue-gas temperature is decreased to below 60℃ and 40℃.
Fu et al. [24] [25] [26] [27] [28] [29] designed a district heating system with cogeneration based on absorption heat exchange (co-ah cycle), which improved the capacity of heating system and energy efficiency of cogeneration plant dramatically. In the district heating system substations, the return water temperature of the primary heating network is reduced to about 20℃ through the absorption heat-exchange units. In the power plant, the return water of the primary heating network is heated orderly by the condenser exhaust vapor, the absorption heat pump and the steam-water heat exchanger to 130℃. This creates the possibility of the recovering flue-gas waste heat deeply.
the Present Application of Gas Cogeneration System
The main component of natural gas is CH 4 . There is very little sulphur and ash content in natural gas. So the combustion products of natural gas contain little or no SO 2 and dust. Meanwhile, there are significant amounts of hydrogen in combustible component of natural gas. Therefore the CO 2 of products of combustion are significantly reduced, and it is only 60% of the coke burning and 80% of the petroleum burning.
For some key cities, the requirements of energy-saving and emission-reduction are quite strict, so the gas cogeneration heating systems have been the first choice in many heating centers after surveying various heating sources. The units of gas cogeneration have the advantages of high power efficiency, small occupation area, water conservation, short construction period and flexible operation. It can produce high-quality electrical energy, at the same time also make the heating and cooling. The gas cogeneration realizes energy cascade utilization and has considerable significances of energy-saving and emission-reduction. For the conventional gas cogeneration, the heating process is as shown in figure 1 . Although it has certain advantages, there are some problems to be solved: (1) As shown in figure 1 , the supply and return water temperatures of the large central heating primary pipe network are generally designed to 130℃/70℃, and the supply and return water temperature of secondary pipe network is 65℃/50℃. So the heat transfer temperature differences between the primary and secondary pipe network are very great, and it causes huge irreversible losses of heat transfer. In the heat sources, the pressure of extracting steam is generally 0.3~1.0Mpa. The return water is heated from 70℃ to 130℃. It has a large temperature rise, which also causes a huge irreversible losses。 (2) A large number of heat of flue gas is wasted. Taking three typical gas turbines including 6B, 9E and 9F units for example, the relationship of utilization efficiency of natural gas and exhaust temperature is as shown in figure 2 with the same natural gas composition which is shown in Table 1 . Corresponding to the typical units of 6B, 9E and 9F, the coefficients of excess air are respectively 3.18, 2.86 and 2.67. When the exhaust temperature is below about 40℃, the condensation heat can be recovered. And when the exhaust temperature is below about 30℃, the effects of waste heat recovery can be good. In the conventional gas cogeneration system, the exhaust gas temperature is generally above 90℃, but the return water temperature is generally above 50-60℃ which exceeds the dew point temperature of flue gas. So the heat of condensation cannot be effectively recovered.
(3) The heat-to-electric ratio of gas cogeneration system is generally 0.6-0.8. Compared with the gas boiler, the gas consumption of gas cogeneration is 2-3 times of the boiler's. For the cities with tight supply of natural gas, the heating safety is seriously influenced. 
Flue Gas Waste Heat Recovery in Cogeneration Based on Absorption Heat-exchange
In view of the above problems, the concept of absorption cycle was initiatively raised by tsinghua university in 2007, and then the central heating technology of cogeneration based on absorption cycle was put forward. Subsequently the patent products "absorption heat-exchange units" were developed.
On the basis of using the absorption heat-exchange units in heat exchange station, the devices for heating pipe network should be reformed in gas cogeneration. According to the principle of cascade utilization and corresponding temperatures, the return water is generally heated through three links. Firstly, the return water exchanges heat with the flue gas. In the second link, as heat source the extracting steam of gas cogeneration plant drives absorption heat pump. The waste heat of flue gas is further extracted deeply, and the return water is heated in the absorption heat pump. The last link is that the return water is heated to design temperature by the conventional steam-water heat exchangers.
The figure 3 gives a typical technological process of the central heating system in gas co-generation based on absorption heat-exchange. The process fully reflects all heat links above. 
the Introduction of a conventional gas cogeneration plant and the modification scheme
The construction area of one park in Beijing is about 7.64 milion m2. Its total heat load is 405MW with 53W/m2comprehensive heating index. The heat sources are from a gas cogeneration plant and gas fired boilers which are responsible for basic heat load and peak regulation respectively.
The construction project is a set of gas-steam combined cycle cogeneration unit with an "E"-type gas turbine. The steam turbine operates in the back pressure condition in winter. The extracted steam enters the steam-water heat exchangers to heat the primary heat pipe network to the design temperature. Besides, in order to make full use of waste heat of flue gas, the expanded economizers were installed in the tail of waste heat boiler. Accordingly, the exhaust gas temperature decreases to about 90℃. The main parameters of the plant are as shown in table 2. The plant provides 214 MW heating capacity, and the boilers provide 191 MW. During early and late period of the heating season, the heat load is so low that the gas cogeneration plant will bear all the heat load. During the cold period, the heat load is large, thus the gas cogeneration plant bears a part of heating load and the boilers bear others. In the whole heating season, the plant is in stable operation, and the boilers are gradually put into operation or quit with the changing heating load. The heat-load duration and distribution of this project is shown in figure 4(a) .
Nevertheless, there are still defects such as low heating efficiency, high exhaust gas temperature and great irreversible loss when heat transferring.
The author reforms the heating system of gas cogeneration by the technology of absorption heat-exchange. In thermal substations, the absorption heat-exchange units are installed instead of conventional heat exchanger to realize that the return water temperature is cooled to 20℃. Thus the temperature differences of supply and return water are sharply increased. As a result, the lower-temperature return water can recover more waste heat in plant to improve the energy efficiency of system, and the running in the condition of larger temperature differences of supply and return water can reduce the diameter and investment of heat pipe network.
In plant, the flue gas is orderly cooled to 20℃ through the flue gas-water heat exchangers and the absorption heat pumps. The return water which successively passes flue gas-water heat exchangers, absorption heat pumps and steam-water heat exchangers, is heated to the design temperature 130℃.
This system follows up the principle of cascade utilization and corresponding temperatures. The thermodynamic process is more improved and the energy efficiency is increased greatly. The main parameters are as shown in table 3. The heating capacity of gas cogeneration plant based on absorption heat-exchange is 296 MW, and the heating capacity of boilers is 109MW. With the decreasing heat load, the boilers are gradually withdrawn from using. When the heat load continues to be lowering, the extraction steam flow can be reduced. In the early and late heating season, the flue-gas waste heat and a part of extraction steam would undertake the heat load. The heat-load duration and distribution of this plant based on absorption heat-exchange is shown in figure 4 
the Analysis of Energy Saving
The comparison of energy efficiency between the two systems mentioned above is shown in figure 5 . Under the condition of unchanging the natural gas consumption, electricity generation and extraction parameters, the heating capacity is added 82MW, and the heating efficiency and the total energy efficiency are respectively improved by 38.3% and 18.9%.
As shown in figure 4 , in the conventional system, the heat output of cogeneration and boilers are respectively 2.22 and 0.82 million GJ. Under the same heat load, in the improved system, the heat output of extraction steam, waste heat and boilers are respectively 1.93, 0.85 and 0.26 million GJ. Compared with the conventional system, the heat output of the boilers is decreased by 0.56 million GJ/year and heat output of extraction steam is decreased by 0.29 million GJ/year. The decreased heat output can be used for powering. After calculation, the generating capacity can be increased by 6.8 million kWh/year. In the gas cogeneration system based on absorption heat-exchange, the power consumption equipment need be added, and the added power consumption is about 5.5 million kWh/year. Then the energy saving analysis of the gas cogeneration system compared with the conventional system is shown in table 4. Note: Heating efficiency of the boilers: 90%; Power efficiency of the gas power plant: 50%
As shown above, after the adoption of the cogeneration based on absorption heat-exchange, the reduced gas consumption is 19.4 million Nm3/year.
Additionally, the steam in the flue gas would be condensed because of the low exhaust temperature. The condensed water has a good quality, so it can be used for water-replenishing of the plant. The volume of condensed water is 0.18 million m3/year.
the Analysis of Environmental Protection
The emission reduction of CO2 is used for the environmental comparison. Because the reduced natural-gas consumption is 19.4 million Nm3/year, the emission reduction of CO2 would be about 37.6 thousand ton/year on the basis of calculation index 1.94kg CO2/Nm3gas.
In addition, due to the condensing of the steam in the flue gas, the pollutions of the flue gas, such as NO2 and SO2, which are soluble in the condensing water, would be discharged with the condensing of the steam. It is helpful to reduce the pollution release.
the Economic Analysis
Compared with the conventional system, it need be reformed in the thermal substations and plant. So the investment would be increased. The gas consumption of the boilers is decreased so that the cost of burning gas is reduced. Both the power generation and the consumption of the improved system are increased, so the generating income and power cost are raised. Compared with the conventional system, the incremental datum are as shown in table 5. After calculation, static investment-increment payback periods is about 4.0 years. So the economic benefits are quite good.
Conclusion
The paper analyses the defects of the conventional gas cogeneration system. The defects are the huge irreversible losses of heat transfer and the high exhaust gas temperature.
In view of existing questions, this paper introduced the technique of flue-gas waste heat recovery in gas cogeneration plant based on absorption heat-exchange. Absorption heat-exchange units are installed in thermal station to lower temperature of water in heat-supply network to about 20℃. The water in heat-supply network is heated level by level to design temperature by flue gas-water heat exchanger, absorption heat pump and steam-water heat exchanger, which has realized the principle that means cascade utilization and corresponding temperatures. The heating capacity of heat pipe network is enlarged markedly by enlarging temperature difference between supply and return water. And the heating and energy efficiency of gas cogeneration plant are raised by recovering flue-gas waste heat. This paper introduced one typical gas cogeneration plant and reformed it. Compared with the conventional system, the improved system has increased raised heating efficiency by 38.3% above and recovered waste heat with 0.85 million GJ per year. The gas consumption has been decreased by 19.4 million Nm3/year and the CO2 emission has been reduced by 37.6 thousand ton/year. Relative to the conventional system, the running cost is reduced by 54.7 million yuan/year, and the static investment-increment payback periods is about 4.0 years. So the gas cogeneration plant based on absorption heat-exchange has the advantages on energy saving, environmental protection and economics. It is a promising technical route.
